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Abstract – Due to the stochastic nature of wind, the wind 
power integration into the power system poses serious challenges 
to the transmission system operators (TSO). The impact of large 
amounts of wind energy generation onto the power system may 
congest some of the transmission lines that transport it to the 
(sometimes) distant consumption centres. Since the occurrence of 
wind not only contributes to the loading of the connecting 
electric line, but also increases the line capacity, via convective 
cooling of the cables, a dynamic line rating (DLR) analysis 
computes a more realistic set of values for the line capacity, thus 
it can be a cost-effective solution to alleviate some overhead line 
congestion problems. 
This work presents an operational tool for the DLR analysis of 
power networks, allowing the optimal integration of renewable 
energy sources, especially where potentially congested lines may 
exist. The tool was applied to a real case study using forecast 
meteorological data, and the results achieved were compared 
with those obtained by using the Portuguese TSO method for 
assessing the transmission capacity of the lines. For high wind 
speed conditions, results show a noticeable increase on the 
cable’s convective cooling assessed by the DLR analysis. This 
assessment leads to a noticeable rise on the cables’ capacities that 
overcame the congestion associated with the high injection levels 
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The distributed nature of the ever increasing renewable 
energy sources (RES), along with the need to bring that 
energy to the usually distant consumption centres (cities 
and industrial parks), raises new problems to the 
transmission power systems operators (TSOs) [1]. In fact, 
the high penetration of RES production, as is the case for 
Portugal, can overload the overhead electric power lines 
(OHLs) of the existing transport/distribution power grid – 
an adverse occurrence traditionally solved by  upgrading 
the existing power lines, building new power lines or by 
limiting RES production, which have several negatives 
impacts (both economic and ecological). One factor 
limiting the RES capacity that can be injected into the 
grid is, usually, the maximum ampacity of the overhead 
lines imposed by the line temperature limit [2]. This limit 
is established to ensure the: i) safety distance between the 
lines and the ground, and the ii) structural integrity of the 
cables [3]. 
Nowadays, in several countries such as Portugal, the 
TSOs use numerical models to assess the cables “Steady-
State” thermal equilibrium for a predetermined set of 
local extreme meteorological conditions, which defines 
the maximum ampacity of the overhead power lines. In 
the steady state model, the electrical current, conductor 
temperature, and weather conditions are assumed 
constant [3]. In recent years a set of measured or 
forecasted meteorological conditions have been used 
instead to obtain more realistic values for cable’s 
ampacity[3]–[5]. By including the cables thermal inertia 
a more general thermal analysis approach is obtained 
leading to the dynamical thermal balance, where the 
conductor’s temperature varies in time. These 
considerations lead to complex numerical thermal models 
such as the IEEE Std 738 - 2012 [3], CIGRÉ  [4] and 
Kuipers&Brown [5] approaches, under development for 
the last three decades. Despite that, the focus from the 
TSOs in the dynamical thermal balance analysis as 
operational tool is recent, since the probability of 
overloading the power lines was considerably reduced 
before the steep rising of wind power production [4]. 
Such models use algorithms to dynamically assess the 
thermal gains and losses on the cables, from a set of 
thermal effects imposed by local meteorological 
conditions. Thus, according to [1], [2], [6], the benefits 
from implementing a DLR to assess the conductor 
thermal behaviour are: grid’s reinforcement 
postponement, RES penetration increase, cost 
minimization of power reserves and electricity prices (by 
RES curtailment mitigation).  
Conductor temperature can vary significantly along its 
length due to the meteorological conditions, especially in 
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complex orographic regions [7]. In fact, the DLR analysis 
using local meteorological conditions may increase the 
line capacity by 10-30% [8]. According to the authors, the 
additional capacity occurring from installing real time 
meteorological data monitoring represents a cost reduction 
of up to 2% less than the cost to achieve an equivalent gain 
by line upgrading [8]. A study conducted in the north-west 
of Germany, using the IEEE model and historical 
meteorological data, shows that the line capacity can 
increase more than 125% during 50% of the time [6]. On 
the other hand, the authors account only 5% of the time for 
capacity values lower than the ones used by the local TSO. 
This study highlighted the strong correlation (0.72) 
between the injected wind power generation and the 
increase in the line’s capacity. Regarding the 
meteorological data, the wind speed is described by 
several authors as the parameter having the greatest impact 
in the conductor thermal balance, followed by wind 
direction and ambient temperature, while the effect of 
solar radiation is much reduced when compared with the 
previous parameters [9]. Since the primary resource that 
feeds the wind parks – wind - also blows over the local 
power lines, besides the energy production it also increases 
the lines’ ampacity. Consequently, the wind cooling effect 
provides additional power line capacity when it is most 
needed, leading to a win-win situation [9]. Thus, 
operational DLR analysis tools may be and are already 
used in some specific cases [2] to cope with high levels of 
wind power penetration in the power grid, avoiding 
potential line congestion. Moreover, the DLR analysis can 
also be used as a planning tool to determine the line 
segments that can benefit from temperature monitoring [7]. 
This work presents an operational tool for the DLR 
analysis of potentially congested electrical networks, based 
on CIGRÉ methodology, to cost-effectively optimize the 
integration of RES in the existing power grids. A GIS suite 
(ArcGIS) is used as a tool’s interface to input, process and 
present the data. A real case study in Portugal is used to 
assess the grid power line’s capacities obtained with the 
DLR analysis for diverse meteorological local conditions. 
As a baseline, the results are compared with the current 
“Steady-State” analysis used by the Portuguese TSO. 
Section 2 provides a brief description of the data and 
methodology. Section 3 presents the results obtained. In 
section 4, some final remarks are provided. 
 




The case study used to illustrate the operation of the DLR 
analysis tool corresponds to an area located in the interior 
central part of Portugal, Fig. 1. The high wind potential in 
this area and its orography favours the exploitation of 
RES, namely, wind and hydroelectric energy. 45 wind 
parks with a total installed capacity of 1480 MW and 14 
large hydroelectric power stations totalling 1060 MW are 
deployed in this region. Consequently, by choosing this 
region, it is possible to 1) study the network behaviour 
under considerable high variable power injection levels, 2) 
determine the power injection from wind parks taking into 
considerations the expected power output under the 
imposed weather conditions and 3) assess the 
simultaneous effect of the cooling effect induced by the 
wind resource in the overhead lines and its impact on the 
capacity factor. 
In this study, the power grid is composed of different 
types of electric cables, with different physical 
properties[10]–[12]. Table I presents the conductors’ 
characteristics used by the model. 
 















Zebra 0.0674 28.6 3.18 0.6 50, 75, 85 
Bear 0.1093 23.45 3.35 0.6 50 
Aster 
570 
0.0583 31.05 3.45 0.6 80 
 
 
Fig. 1 Case study’s electric grid of Pinhal Interior (wind speed 
and direction at December 23, 2009 at 1:00 p.m.). The 
potentially congested lines are identified by its line code. 
 
The hourly meteorological data for the case study were 
obtained from a mesoscale numerical model calibrated 
with the adequate physical parameterizations for the 
region under study. The data used to feed the DLR 
analysis tool (wind speed and direction, temperature and 
radiation) covers 12 hr and were extracted to 20 m above 
ground level (a.g.l.) for the lines’ locations [13]. The 
spatial resolution of the data is 5 km x 5km. The 
predetermined meteorological conditions used by the 
TSO (fixed winter rating using a wind speed of 0.6m/s, 
an ambient temperature of 15°C and a radiation of 1000 
W/m2 [5]) were also applied to determine the lines 
capacity limitation. The use of the TSO’s conservative 
values give results that are within 99.8% of the values 
reported at [11]. According to [4], the common values 
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used by TSOs varies between 0.5-0.61 m/s for wind speed 
(direction not accounted for), 1000-1150 W/m2 for solar 
irradiance, and temperature usually is adjusted seasonally 
(Portugal case) according to the highest temperature 
expected for the region. 
To obtain the wind power generation, the wind speed data 
for 80 m a.g.l. were extracted from the mesoscale for each 
wind park. Then, based on the number of wind turbines of 
each park and the manufacturer guaranteed power curve, 




To ease the access to the data required by the DLR 
analysis, the tool was developed using georeferenced data 
for the power grid layout and meteorological data in a 
Geographic Information System (GIS) interface, the 
ArcGIS®, Fig. 2. 
 
 
Fig. 2 Schematic representation of the DLR analysis tool. 
 
The tool uses a numerical mesh of 5x5 km cells (same 
resolution as the meteorological data) to divide the 
network into sections, narrowing the length of the lines 
segments that might be closer to congestion, i.e., the 
critical section. Each line segment experiences the 
meteorological conditions defined for its cell domain for 
an hourly time-period, over a horizon of 12 hours. 
The direction of the conductor is assumed to be 
represented by a straight line segment, in the considered 
cell, and is computed from the coordinates of the line’s 
input and output points (Fig. 3). 
 
 
Fig. 3 Illustration of how to obtain the angle of incidence of the 
wind in the conductor. 
 
The angle of incidence of the wind on the conductor is 
determined by the difference between the angles that the 
wind and the conductor present relative to the cell’s 
horizontal line. 
To operationally use the DLR analysis, an external tool 
referred as Optimized Power-flow Model (OPF) [14] was 
used to determine the power flow in the grid under 
analysis. The OPF model leads to a Non Linear Problem 
(NLP) that is initialized by the results of a simplified 
Linear Problem usually known as the direct current 
model. The mathematical model was implemented in 
GAMS® (General Algebraic Modelling System) and 
tested with several examples by comparing its results 
with the ones given by a commercial platform, PSSE®, 
with differences lesser than 1% [14].  
The ArcGIS® interface reads the OPF output files 
(Excel) and internally saves the corresponding data for 
graphical presentation. The DLR analysis tool is capable 
to read the ArcGIS® data and save the OPF’s 






A) DLR analysis tool applied to potentially 
congested lines  
 
To evaluate the advantages of using a DLR analysis, two 
scenarios were used, Table II, with weather conditions 
from the 23rd (1:00 p.m.) to the 24th (00:00 a.m.) of 
December 2009. This period was chosen for having high 
wind speeds that unleashes the occurrence of severe 
variations on wind power production (also known as 
wind power ramp events [15]), Fig. 4. During this period, 
the values of radiation are quite low, while the 
temperature keeps stable showing reduced variations. 
 
 
Table II. Summarization of the study scenarios. 
Scenario Designation 
A 
Optimization of the case study’s electric grid 
without DLR analysis (Baseline scenario). 
B 
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Fig. 4 Main characteristics of wind speed over the case study 
wind parks. The median is drawn in red and the edges of the box 
are the 25th (Q1) and 75th (Q3) percentiles. The whiskers extend 
to 1.57 times the inter quartile range (AI) of the box edges.  
 
Scenario A proposes to optimize the electrical network 
under study without applying the DLR analysis. In this 
case, the tool is fed with the TSO’s capacity limits to 
determine the normal transmitted power. Scenario B is 
intended to allow a direct comparison of the line capacity 
factor obtained based on the ampacity values given by a 
DLR analysis with the ones obtained in scenario A. With 
this scenario, it is also possible  to assess the influence of 
the DLR analysis on the congested lines. For this scenario, 
both, the CIGRE and Kuipers&Brown models were 
applied in order to determine the additional line capacity 
obtained with the “real” meteorological conditions.  
The aforementioned scenarios use the entire electrical 
network showed in Fig. 1 where the four power lines 
referenced by their code number, one 150 kV and three 
220 kV, were analyzed in detail for their importance in this 
case study. Results indicate saturation cases for the i) line 
1089 between 4 p.m. and 9 p.m. and later at 00:00 a.m., 
and ii) lines 2170 and 2173 at 8:00 p.m. (Fig. 5, Fig. 6 and 
Table III). Line 2164 also came close to saturation at 8:00 
p.m. It can be ascertained that the very fast increase on the 
wind speeds to values near or above 25 m/s prompts many 
wind parks around Falagueira and Zezere buses to operate 
at nominal capacity (Fig. 4), causing the saturation of line 
1089. Due to the wind speed intensification, at 7:00 p.m., 
some major wind parks such as Pinhal Interior (146 MW), 
Beiras (101 MW) and Alto Arganil (40 MW) are not 
operating due to cut-out wind speeds. At 8:00 p.m., the 
wind speeds slightly decrease (Fig. 4), allowing the wind 
parks previously mentioned to inject their maximum 
production capability into the grid and thus causing the 
saturation of lines 2170 and 2173 and nearly saturating the 
line 2164,.  
 
Table III. Wind conditions over the case scenario lines in the 
critical section. 
Line Code 1089 2164 2170 2173 
TSO line capacity [MVA] 153 804 434 434 
DLR line capacity [MVA] 
7 PM 
256 1872 728 535 
Increase line capacity [%] 67% 133% 68% 23% 
Wind Speed [m/s] 8.2 9.1 8.6 4.1 
Angle Direction [°] 1 79 8 3 
DLR line capacity [MVA] 
8 PM 
284 1766 762 674 
Increase line capacity [%] 86% 120% 76% 55% 
Wind Speed [m/s] 10.5 9.8 9.3 6.3 
Angle Direction [°] 2 43 10 12 
 
Fig. 5 Power transmitted (grey bars) and line capacity (colour 
lines) observed in each line: A1 – Power transmitted with 
standard grid conditions; B1 – Power transmitted with DLR  
grid conditions; A2 – Estimated line capacity using TSO 
conditions (Kuipers&Brown Model); B2 – Estimated line 
capacity using DLR (CIGRE Model). 
 
As expected, the DLR analysis reveals great increase on 
the line capacity limit values (Fig. 4). From scenario A, it 
can be ascertained that the critical lines are 1089, 2164, 
2170 and 2173, with the most critical period of time 
happening between 7:00 p.m. and 8:00 p.m.. With the 
exception of line 2173, DLR analysis tool shows that in 
fact that during the most critical hour (8:00 p.m.), the line 
close to saturation could still safely transport at least 
more 55% of power generation, Table III. This 55% 
increase falls short compared to other lines for the same 
period and can be explained by the comparatively lower, 
wind speed (6.3 m/s) allied with an unfavorable wind 
attack angle of 12° in this particular section. 
Nevertheless, the wind speed considered is still much 
higher than the TSO current model consideration - 0.6 
m/s. The results also show that there is a 96 % overall 
improvement of the grid capacity for this case study, 
mitigating the risk of line saturation just to one line at 
8:00 p.m., Fig. 6. 
 
 
Fig. 6 Representation of the lines capacity factor increase 
without (scenario A) /with (scenario B) applying DLR analysis 
tool. 
 
https://doi.org/10.24084/repqj16.398 587 RE&PQJ, Vol.1, No.16, April 2018
B) The impact of the weather conditions in line 
capacity  
 
To enhance further insights regarding the impact of the 
different meteorological conditions on the capacity 
increase, a statistical analysis of the results for all segment 
lines based on the correlation was performed, Table IV. 
 









∆(t) 0.005 -0.393 0.676 0.276 
∆(t+1)-∆(t) 0.057 0.007 0.644 0.602 
∆(t):  Values absolute variation 
∆(t+1)-∆(t):Values relative difference variation. 
 
As expected, both wind speed and attack angle have very 
strong correlations with the capacity increase having 
between them the greater impact on the cable thermal 
losses. The angle influence only becomes evident when is 
taken into consideration the relative variation over time 
(i.e., one-hour step-change - ∆(t+1)-∆(t)), that shows how 
sudden attack angle changes can significantly impact the 
line capacity. The impact of environment temperature in 
the thermal losses in the presence of strong winds is 
reduced, showing a very small positive correlation that can 
be attributed to the continuous increase behavior on both 
wind speed and temperature. Indeed, the environment 
temperature direct impact on power line capacity is 
expected to have a negative correlation. As expected, the 
irradiance shows a negative correlation with the line 
capacity increase.  
The wind speed and angle of attack impact on the cables 
ampacity can be also seen in Fig. 7.  
 
 
Fig. 7 Graphical analysis of capacity increase relative to the wind 
speed and direction.  
 
From Fig. 7 is noticeable the intricacy relationship between 
the wind speed and angle of attack in the line ampacity 
capacity increase. Angles over 30° have a more promptly 
effect in the increase of the power lines capacity. Overall, 
for wind speed above 6 m/s it is possible to observe that 
angle of attack variations lead to higher ampacity increase 
while, for attack angles above 10º the induced variations of 
wind speed prevail. For instance, as illustrated by the 8m/s 
wind speed values, the ampacity results for, 10º, 20º and 
50º attack angle values are 72%, 85% and 120%, 
respectively. Fig. 7 also depicts that there are cases when 
the line capacity is actually lower than the capacity 
predicted by the TSO current model standards. As 
expected, this situation occurs for wind speed below 1 
m/s with an angle of attack lower than 10°. 
 
C)  Critical sectors identification 
 
Since real life solutions to obtain the detailed 
meteorological information needed to assess the thermal 
balance analysis are very expensive, the DLR analysis 
tool can identify the critical line segment locations that 




Fig. 8 Critical section occurrence rate for a 12-hour period. The 
colour bars represent the occurrence frequency of the most 
common occurring critical sectors in a decreasing order. 
 
The critical sector analysis in Fig. 8 shows that among 
the 21 lines, some of them such as 2169, 2163, 2124, 
2160, 1616 and 2054 have critical sectors that clearly are 
more prone to impose the critical capacity and thus 
limiting the power capacity in the whole line. For 
instance, line 2163 shows that in nine sectors, the critical 
one remains the same for the twelve hours analyzed. On 
the other hand, line 1115 presents a strong variation in its 
critical sector. For this line, ten different critical sectors 
were identified. The previous information can be very 
important to envisage the installation of monitoring 
stations along the lines, towards a heuristic approach 
rather than an equidistant ad hoc one, allowing a better 
choice for locating them on the power line, preferably on 
critical sectors with higher occurrence frequency. 
According to [7], this kind of heuristic approach can 
enable a proper monitoring system of the overhead power 
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4) Final Remarks 
 
In this work, an operational tool for the dynamic line 
rating (DLR) analysis of overhead electric power lines is 
presented. A real case study, with high levels of wind 
power production, was developed to test the tool. The tool 
successfully replicated the “Steady-State” values from 
Portuguese TSO analysis. The applicability of the tool 
during a congestion scenario was also verified.  
The results show the importance of assessing the cable’s 
dynamical thermal balance, where the conductor’s 
temperature for each section varies according to the local 
meteorological conditions. Complementarily, the results 
confirmed the importance of the speed and direction of the 
wind blowing over the cables. Thus, detailing the 
meteorological conditions assumes great importance in 
identifying the lines, which might be approaching critical 
states and thus in need of monitoring. 
Since real life solutions to obtain those meteorological real 
time observations are very expensive and DLR proved to 
be able to suggest the location that imposes the line’s 
capacity limit, it may be used on problematic lines to 
identify the most adequate location to install a 
meteorological station. Given proper local meteorological 
conditions, the DLR analysis evaluates when it is safe to 
inject more power into the power system, without 
requiring grid reinforcement or power curtailment. 
As future development, it is envisaged to increase forecast 
capabilities up to 36 hours, to help prevent market-splitting 
occurrences in the day-ahead market within the Iberian 
electric market (MIBEL). Moreover, future developments 
will be done to account for the dynamic temperature 
computations, where the cable’s thermal inertia will be 
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